The experimental gelation was studied in atom transfer radical polymerization (ATRP) of methyl acrylate (MA) with various branching reagents that structurally differ by the number of vinyl groups (multiplicity). MA was copolymerized with branching reagents containing 2, 
Introduction
Conventional radical polymerization (RP) of a monovinyl monomer with a small amount of divinyl cross-linker is a widespread method for the synthesis of branched polymers or gels.
However, the slow and continuous initiation process, fast chain propagation and termination reactions that are inherent to conventional RP result in networks with an inhomogeneous and uncontrolled structure. [1] [2] [3] [4] Recently, several research groups have shown that the application of controlled radical polymerization (CRP) techniques [5] [6] [7] [8] [9] produces gels with a more homogeneous structure, as a result of the fast initiation process and reversible deactivation of propagating polymer chains. [10] [11] [12] [13] The fast initiation reactions, relative to propagation, result in a quick conversion of nearly all initiators to growing primary chains. On the other hand, the dynamic equilibrium between the active species, bearing a radical at the polymer chain end, and the dormant species ensures a low steady concentration of radicals. During each activation/deactivation cycle, only a few monomers are added to the growing polymer chain before it is quickly deactivated to the dormant state. The dormant state allows for chain relaxation and diffusion of reagents. As a result, the probability of reaction of each vinyl species, monomer, 'unreacted' cross-linker or pendant vinyl group, is dependent on their relative concentration and reactivity. Therefore, the branched polymers or gels have a more homogeneous distribution of branching points than the polymers synthesized by RP methods at similar reaction conditions. 11 Recently, several research groups systematically studied the synthesis of branched polymers and/or gels by the copolymerization of monovinyl monomer and divinyl cross-linker using atom transfer radical polymerization (ATRP). 10, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Sherrington 20, 21 and Armes 18, 19, 22 focused on the synthesis of branched polymers based on copolymerization of methacrylate and dimethacrylate cross-linker. Zhu et al. studied the homopolymerization 25 of ethylene glycol dimethacrylate and copolymerization 23, 24 of methyl methacrylate and dimethacrylate cross-linker using bulk ATRP. Our group applied the ATRP of methyl acrylate (MA) and ethylene glycol diacrylate as a model system to study the dependence of the experimental gel points on various parameters, because of its fast initiation process, high initiation efficiency, and low polydispersity in all performed experiments. 14 The effect of several parameters was studied, e.g. the molar ratio of divinyl cross-linker to initiator, 14 the concentration of all reagents during the gelation process, 15 the relative reactivity of divinyl cross-linker compared to monomer, 16 and the initiation efficiency and polydispersity of the primary chains. 17 Furthermore, the experimental results were compared with values obtained from Monte Carlo simulations. 26 Finally, an AB* inimer (initiator-monomer containing vinyl bond A and initiator fragment B* in one molecule) was also explored as a branching reagent for the synthesis of branched copolymers and gels by copolymerization with monomer and divinyl cross-linker using ATRP, 27 and the results were compared for gelation reactions using divinyl and trivinyl cross-linker.
In this paper, we aim to expand the systematic study on the gelation in ATRP and investigate N,N'-dicyclohexylcarbodiimide (DCC) (11.3 g, 1.5 eq. to OH groups) and 4-(dimethylamino)pyridine (1.13 g, 10 w% to DCC) was added. The mixture was stirred overnight at room temperature. The formed urea was removed by filtration. The filtrate was concentrated and the resulting viscous oil was purified by silica gel column chromatography (eluens hexane/ethyl acetate 3/2). The pure fractions were concentrated, resulting in a viscous oil. After purification, the product was dissolved in a mixture of 30 mL of THF and 30 mL of 1 M HCl (aq.). The reaction mixture was stirred for 2 h before the precipitated product was filtered and washed with water. The product was dried in vacuum at 50 °C, yielding a white solid. Yield: 3.83 g (90%). revealed a monomer conversion of 41% for HEA and 34% for nBA, respectively. The copolymer was separated from the monomer by precipitation in a large excess of cold distilled water, followed by centrifugation. After drying in vacuum at room temperature overnight, the pure copolymer was obtained as a highly viscous material.
Synthesis of multivinyl cross-linker based on poly(HEA-co-nBA).
Poly(HEA-conBA) copolymer (M n = 1700 g/mol and M w /M n = 1.11) was reacted with acryloyl chloride in a similar procedure as described above. 0.1 mol% of radical inhibitor 4-hydroxy-TEMPO was added relative to vinyl groups to prevent cross-linking during the esterification reaction. The reaction product was purified by dialysis in THF, yielding a polymer with pendant vinyl groups (M n = 1850 g/mol and M w /M n = 1.12). 1 H NMR spectroscopy of the pure polymer revealed an esterification yield of about 90%.
Results and Discussion
The ATRP of MA monomer and various cross-linkers containing different numbers of acrylate moieties was performed using CuBr/PMDETA as the catalyst (10 mol% reactions were also conducted using a tetravinyl cross-linker (pentaerythritol tetraacrylate, 4A), a pentavinyl cross-linker (dipentaerythritol pentaacrylate, 5A) and a hexafunctional acrylate cross-linker (6A). It should be noted that 5A cross-linker is based on dipentaerythritol penta-/hexa-acrylate, which could contain small amounts of triester and hexafunctional compound. In our study, no further purification was performed as the average multiplicity was determined by 1 H NMR as being a pentafunctional acrylate. The synthesis of hexafunctional acrylate 6A is depicted in Scheme 2. The results of the gelation reactions are summarized in Table 1 . Conv.
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Multiplicity of cross-linker Figure 2 . 10), a growing discrepancy between the theoretical and experimental f A,p was found with increasing multiplicity of the cross-linker (see Figure 6 ). 
Gelation with a polymeric multivinyl cross-linker (7A).
In addition to the use of the cross-linkers with well-defined number of vinyl groups per molecule, we have also studied a gelation in the presence of an oligomeric (polymer-based) cross-linker. The cross-linker was prepared based on a random copolymer of n-butyl acrylate (nBA) and 2-hydroxyethyl acrylate (HEA), followed by esterification of the hydroxyl groups in the side chain to acrylate moieties using acryloyl chloride. The average number of acrylate moieties per macromolecule was 7, as determined by 1 
